In wastewater treatment, the rate of ammonia oxidation decreases with pH and stops very often slightly below a pH of 6. Free ammonia (NH 3 ) limitation, inhibition by nitrous acid (HNO 2 ), limitation by inorganic carbon or direct effect of high proton concentrations have been proposed to cause the rate decrease with pH as well as the cessation of ammonia oxidation. In this study, we compare an exponential pH term common for food microbiology with conventionally applied rate laws based on Monod-type kinetics for NH 3 limitation and non-competitive HNO 2 inhibition as well as sigmoidal pH functions to model the low pH limit of ammonia oxidizing bacteria (AOB). For this purpose we conducted well controlled batch experiments which were then simulated with a computer model. The results showed that kinetics based on NH 3 limitation and HNO 2 inhibition can explain the rate decrease of ammonia oxidation between pH 7 and 6, but fail in predicting the pH limit of Nitrosomonas eutropha at pH 5.4 and rates close to that limit. This is where the exponential pH term becomes important: this term decreases the rate of ammonia oxidation to zero, as the pH limit approaches. Previously proposed sigmoidal pH functions that affect large pH regions, however, led to an overestimation of the pH effect and could therefore not be applied successfully. We show that the proposed exponential pH term can be explained quantitatively with thermodynamic principles: at low pH values, the energy available from the proton motive force is too small for the NADH production in Nitrosomonas eutropha and related AOB causing an energy limited state of the bacterial cell. Hence, energy limitation and not inhibition or limitation of enzymes is responsible for the cessation of the AOB activity at low pH values.
Introduction
Ammonia oxidizing bacteria (AOB) release 2 moles of protons per mole of ammonia that is oxidized to nitrite. If the buffer capacity in the bulk solution is low, biological ammonia oxidation causes a substantial pH drop, which in turn affects the rate of ammonia oxidation. In wastewater treatment, ammonia oxidation decreases with pH and usually stops when the pH value drops below pH 6 (Painter, 1986) . However, the reasons for the rate decrease, but especially for the cessation of activity are not very well understood. There are also some exceptions in wastewater treatment where AOB have adapted to low pH environments and grew at pH values as low as 4 (Gieseke et al., 2006) orev enbe lo w ( Udert et al., 2005) .
The pH dependence and the pH limit of AOB is usually not relevant for conventional wastewater treatment as most municipal wastewaters contain sufficient alkalinity to allow complete ammonia oxidation (Tchobanoglous et al., 2003) . However, the pH dependence of AOB becomes important in wastewaters with a low alkalinity to ammonia ratio, such as human urine (Udert et al., 2003a) or digester supernatant (Van Hulle et al., 2007) . The pH has a crucial role during nitrification of these wastewaters, because it influences AOB and nitrite-oxidizing bacteria (NOB) differently and thereby determines whether nitrite or nitrate is the main nitrification product. The SHARON (Single reactor High activity Ammonia Removal Over Nitrite) process for instance is deliberately operated at pH values above 7 and temperatures of 30 C ( Hellinga et al., 1999) , because under these conditions AOB grow faster than NOB causing the wash out of the latter. In contrast, NOB should be retained in nitrification reactors with urine, when nitrified urine is further processed to a fertilizer product (Udert et al., 2015) . To ensure that NOB are retained in the system, this process is operated at pH values as low as 6 or even below (Etter et al., 2013) , where the growth rate of AOB is reduced strongly. Despite the low pH values, nitrite can accumulate in the system, which is a major problem for this process (Etter et al., 2013) . Hence, a model that reliably predicts the rate of nitrite production by AOB at such low pH values would be of great benefit to understand and improve the process performance. Furthermore, as nitrite accumulation is usually a result of a dynamic change in the reactor pH (Etter et al., 2013) , this model requires explicit pH calculations.
The growth rate of AOB decreases with pH, because at low pH values the actual substrate of AOB (Suzuki et al., 1974) , NH 3 occurs only at very low concentrations even if the total ammonia (NH þ 4 and NH 3 ) concentration is high. AOB are also known to be inhibited by nitrous acid (HNO 2 ), the acid of their own product nitrite (NO À 2 ) (Anthonisen et al., 1976) . To account for the effects of NH 3 limitation and HNO 2 inhibition on the ammonia oxidation in digester supernatant, Hellinga et al. (1999) proposed a first kinetic expression. This rate law bases on a Monod term for NH 3 and a term for noncompetitive inhibition by HNO 2 .
Whereas Hellinga et al. (1999) were able to model their data by considering effects of NH 3 and HNO 2 only, Wett and Rauch (2003) found that limitation of total inorganic carbon (TIC) was the main reason for the decrease in ammonia oxidation at low pH values and that NH 3 limitation was often overestimated. TIC concentrations are generally low at low pH values, because its acid H 2 CO 3 is formed, which volatilizes as CO 2 (pK a value 6.35, Stumm and Morgan, 1996) . According to their measurements, Wett and Rauch (2003) found that a sigmoidal term for bicarbonate (HCO À 3 )w a s suitable to account for the effects of TIC limitation.
Besides an indirect effect of pH via the speciation of NH 3 /NH þ 4 and NO À 2 /HNO 2 and H 2 CO 3 /HCO À 3 , pH has been suggested to influence AOB directly (Antoniou et al., 1990; Van Hulle et al., 2007; Wiesmann et al., 2006) . Wiesmann et al. (2006) explained the direct pH effect for nitrifiers with protein damage, but they did not propose a model to account for this inhibition. Van Hulle et al. (2007) proposed a bell-shaped curve to model the pH dependency of AOB in the SHARON process and explained the effect by an increased demand for maintenance energy and the effect of pH on the structure and permeability of the cell membrane. Finally, Antoniou et al. (1990) attributed the direct pH effect of AOB to the pH dependence of the rate limiting enzyme. They suggested that the controlling enzyme is only active in a certain ionization state, which was expressed with a sigmoidal pH term. However, Antoniou et al. (1990) applied this model between pH 6.4 and 8.5, but not to values close to the pH limit. Furthermore, they did not consider indirect pH effects (e.g., the effect of NH 3 limitation).
Models to predict the low pH limit of bacteria, however, were the main focus of many studies from food microbiology in order to prevent microbial growth in foods and to ensure food safety. Presser et al. (1997) proposed to multiply the growth rate with an exponential pH inhibition term to model the deactivation of Escherichia coli under acidic conditions (e.g., after lactic acid fermentation). This exponential pH term bases on the experimental observation that the growth rate is fairly constant over a wide pH range and decreases only as the pH limit is approached.
The pH term proposed by Presser et al. (1997) is based on an empirical observation and is not built on first principles. However, the exponential pH term resembles the rate law proposed by Bethke (2002, 2007) , who proposed to extend conventional Monod-type kinetics with a thermodynamic potential factor. This factor approaches 1, when the thermodynamic driving force is large, but it decreases to zero as the driving force depletes. The thermodynamic driving force is the difference between the energy available and the energy required to drive a particular reaction. The synthesis of ATP as well as of NADH are important reactions for the energy metabolism of AOB (Poughon et al., 2001 ). The energy required to synthesize ATP or NADH is derived from the proton motive force (Nicholls and Ferguson, 1997) , which is a transmembrane electrochemical gradient that results from the extrusion of protons from the cyto-to the periplasm during cellular respiration. Hence, the thermodynamic potential factor approaches zero, when the stored energy in the proton motive force is just enough to satisfy the energy requirements for ATP or NADH production.
Even though many studies focused on the pH influence on nitrifiers, only very few studies represent models that provide predictions of pH. The model by Hellinga et al. (1999) included pH calculations based on acid-base equilibria only. However, for a realistic modeling of pH in high strength wastewaters ion activity and complex formation have to be considered as well (Batstone et al., 2012) . This is definitely the case for source-separated urine (Udert et al., 2003b) . Accurate modeling of pH is a prerequisite for being able to predict the influence of low pH on nitrification.
In this study, we compared the exponential pH term from Presser et al. (1997) with commonly used mathematical expressions (Monod, non-competitive inhibition and sigmoidal pH dependency) to model the pH dependency and the low pH limit of AOB. The exponential pH term is explained quantitatively with bioenergetic calculations. The kinetic expressions were tested and compared with well-controlled batch experiments. To maximize the accuracy of the pH calculations, it was necessary to develop and validate a chemical speciation model, which includes ionic strength corrections and complex formation.
Experiments

Batch experiments
Batch experiments were conducted in a 2 L column reactor. The reactor was aerated with a constant air flux (1 L$min À1 ) controlled with a red-y GCR flowmeter (V€ ogtlin Instruments AG, Aesch, Switzerland). The air flux was chosen sufficiently high to enable good mixing conditions. Additionally the reactor was stirred magnetically at 500 rpm (RCT basic, Ika Labortechnik, Staufen, Germany). Shortly before the experiments, the Kaldnes ® K1 biofilm carriers (0.75 L) were taken from an operating pilot scale reactor for urine nitrification (Section 2.4). The temperature was controlled at 25 ± 0.1 C with a thermostat (F32, Julabo Labortechnik GmbH, Seelbach, Germany). The oxygen concentration remained above 6.3 mg$L À1 in all experiments.
The initial pH value of the solution was adjusted to 7 by adding a one-molar sodium hydroxide solution. During the batch experiments, pH was not adjusted, such that the lower pH limit was reached. The experiments lasted for 12 h, except for two experiments (NH þ 4 (a-b), Table 1 ), which lasted 22 h. These time durations were chosen to make sure that the low pH limit was clearly reached. Experiments NH þ 4 (a-b) lasted longer, because the rate of ammonia oxidation was slower, such that more time was required to reach the low pH limit. Samples were taken at constant time intervals until the pH limit was reached. Samples were immediately filtrated (0.45 mm, MachereyeNagel, Düren, Germany) and analyzed for total ammonia, total nitrite and nitrate. At the beginning and at the end of each batch experiment samples were taken to characterize the urine composition (for measured parameters see Table S1 , supplementary information).
To investigate the influence of NH 3 we used five synthetic solutions (NH þ 4 (a) to NH þ 4 (e)) that contained initial total ammonia concentrations of 28, 42, 105, 310 and 1010 mg N$L
À1
. The total ammonia and total nitrite concentrations of the solutions at the beginning of the experiments are given in Table 1 . The complete composition and the recipes for all synthetic solutions are given in Table S1 and S2 in the supplementary information. Nitrite was consumed by NOB during the experiments and was below the detection limit (0.1 mg N$L À1 ). Synthetic urine solutions were used, because this allowed us to freely vary total ammonia concentrations, which would not have been possible in real nitrified urine. We did not add nitrate to the synthetic urine solutions, as we aimed to follow the increase in nitrate during the experiments (not shown in this study) and the expected changes were too small to be detected with high background nitrate concentrations. To investigate the influence of HNO 2 , we used five synthetic solutions (NO (Table 1 and Table S1 , supplementary information). The total ammonia concentrations in these experiments were between 319 and 333 mg N$L
. We also investigated the influence of nitrite in four experiments, where sodium nitrite was added to the effluent solution of a nitrification reactor operated with real urine (Etter et al., 2013) . As the biodegradable organic substances are mostly degraded in the nitrification reactor, the real nitrified urine solutions contained hardly any biodegradable organic substances. The starting concentrations of total nitrite were between 50 and 208 mg N$L À1 and the total ammonia concentrations between 850 and 882 mg N$L
, respectively (Real (a) to Real (d), Table S1 , supplementary information). Furthermore, we investigated the pH limit in one experiment with suspended sludge in a real nitrified urine solution. This experiment was performed to see whether the model is directly applicable to a suspended sludge system (Suspended , Table S1 , supplementary information).
To investigate the influence of TIC, different gas mixtures were used to achieve a CO 2 partial pressure of 0, 5 and 10%. Synthetic air containing 20% O 2 and 80% N 2 was used for experiments without CO 2 . Synthetic air with 10% CO 2 , 18% O 2 and 72% N 2 was used for a partial CO 2 pressure of 10%. The two types of synthetic air were mixed with red-y GCR flowmeters (V€ ogtlin Instruments AG, Aesch, Switzerland) to obtain the CO 2 partial pressure at 5%. The synthetic and real nitrified urine solutions for the three experiment CO 2 (a) to CO 2 (c) contained total ammonia concentrations between 801 and 996 mg N$L À1 (Table S1 , supplementary information) and total nitrite was mostly oxidized to nitrate (NO À 3 ) by NOB during the experiments.
Titration
Titrations were performed to validate the chemical speciation model and to test which degree of complexity (ionic strength effects, number of complexation reactions) would be required. The pH range for titration was 4e8.5. We conducted the titration experiments in synthetic urine solutions (Table S1 , supplementary information). The reactor contained 1 L of the solution. The initial pH of the solution was adjusted to pH 4. The pH was then increased by dosing a 1 mol$L À1 sodium hydroxide solution. The reactor was stirred magnetically at approximately 500 rpm and temperature was controlled at 25 ± 0.1 C. To prevent CO 2 uptake from ambient air due to stirring, the headspace was flushed with N 2 gas during titrations. To investigate the influence of biomass on the buffer intensity, we added 0.375 mL of well drained Kaldnes ® K1 biofilm carriers (Section 2.4) to the synthetic solution. Before adding the biofilm carriers to the reactor, they were washed three times with the same solution that was used for titration.
Analytical methods
Chloride, sulfate, phosphate, nitrate, potassium and sodium were analyzed with ion chromatography (IC, Metrohm, Herisau, Switzerland). Magnesium and calcium were determined with inductively coupled plasma optical emission spectrometry (ICP OES, Ciros, Spectro Analytical Instruments, Kleve, Germany). The total ammonia concentration was measured photometrically with cuvette tests (LCK 303, Hach-Lange, Berlin, Germany) or on a flow injection analyzer (FIA, Application Note 5220, FOSS, Hillerød, Denmark). Total nitrite was measured with FIA (Application Note 5200) or IC. TIC and total organic carbon (TOC) were measured with a TIC/TOC analyzer (IL550 OmniTOC, Hach-Lange, Berlin, Germany). The standard deviation for all measurements was below 4%.
To increase the accuracy of the pH data, we used 2 pH meters (pH-meter 605, Metrohm, Herisau, Switzerland) with two different pH electrodes (Sentix 41, WTW, Weilheim, Germany and 405-DXX-S8/225, Mettler-Toledo, Greifensee, Switzerland) for continuous pH measurement. The average of the two measurements was used for all calculations. The measurement of the two sensors differed maximally by 0.03 units. Both pH sensors were calibrated before each experiment in buffer solutions preheated to 25 C. O 2 was measured with a mobile WTW device (Oxi340, WTW, Weilheim, Germany). Temperature was measured with a Pt100 sensor (Pt100/ 4/Cl/.A, Endress & Hauser, Reinach, Switzerland). All data were recorded in 30 s intervals on a data logger (Memograph S, RSG40, Endress & Hauser, Reinach, Switzerland).
Pilot scale reactor and characterization of ammonia oxidizing population
The biomass for the batch experiments originated from a pilot scale nitrification reactor (Etter et al., 2013) . During the phase of batch experiments, the pH in the pilot reactor was between 5.6 and 6.2. Amplicon pyrosequencing analyses of the floc and biofilm fractions of the biomass (not shown) revealed that most of the autotrophic biomass was attached to the carriers. The biofilm carriers and not the suspended sludge were therefore used in the batch experiments. The biofilm carriers were used since the attached biomass could not be removed from the carrier material without destroying it.
To characterize the ammonia oxidizing population, a sample of two biomass carriers was taken from the reactor and stored at À20 C prior to molecular analysis. Metagenomic DNA was extracted from the carriers using the FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) with adaptation to manufacturer's protocol, and analyzed by Research and Testing Laboratory (Lubbock, TX, USA) for bacterial tag-encoded FLX amplicon pyrosequencing (bTEFAP) according to in-house protocol (Sun et al., 2011) a primer pair targeting the v1-v3 hypervariable region of the bacterial 16S rRNA gene pool (27F/518R) (Weissbrodt et al., 2012) . A total number of 28145 reads was obtained in the sequencing set. The denoised sequencing datasets were processed and mapped against the Greengenes database of reference 16S rRNA gene sequences (DeSantis et al., 2006) in the bioinformatics PyroTRF-ID workflow (Weissbrodt et al., 2012) . The dominant sequences related to AOB were then retrieved out of the PyroTRF-ID annotation files and aligned against NCBI BLASTn (Altschul et al., 1997) in order to validate the taxonomic assignments at identity level. The relative abundances of AOB in the overall bacterial community covered by the primer pair were calculated as the amount of reads mapping with reference sequences of AOB compared to the total sequencing depth.
Models
Nitrification model
In the computer model biological processes and gas exchange as well as acid-base equilibria and complex formation were implemented. To calculate the chemical speciation reactions, the effect of ionic strength was considered for charged species, which means that we calculated in activities and not in concentrations. Activity coefficients were estimated from ionic strength according to the Davies approach as described in Stumm and Morgan (1996) .
The biological processes growth and decay of AOB and NOB were included in the model. The growth and decay of heterotrophic bacteria were neglected in the model to decrease the complexity of the model and as the content of biodegradable organic substances was negligible low (Table 1 , supplementary information). The stoichiometric matrix is given in Table 2 . The main focus of this study was on the kinetic expression for AOB. To model the growth of AOB we used three kinetic approaches:
Model 1 includes Monod terms for NH 3 and HNO 2 only (Hellinga et al., 1999) : ), and X AOB the biomass concentration of AOB (g COD$L À1 ). All constants are specified in Table 3 .
Model 2 is based on Monod terms for NH 3 and HNO 2 and a sigmoidal pH term (Antoniou et al., 1990; Jubany, 2007): where pK is the lower half saturation constant for pH (Antoniou et al., 1990; Jubany, 2007) . The initial formula contains also an upper pK value for the enzyme inhibition at high pH values. However, for pH values below pH 7, this term can be neglected.
Model 3 includes Monod terms for NH 3 and HNO 2 and an exponential pH term (Presser et al., 1997; Ratkowsky, 2002) :
where pH min is the minimal pH for growth, and K pH a fitting parameter.
For the growth of NOB we used Haldane kinetics as proposed by Hellinga et al. (1999) , which was also applied in Jubany (2007) :
where K HNO2,NOB and K I,HNO2,NOB are the affinity and inhibition constant for HNO 2 (mol$L À1 ), respectively, and X NOB the biomass
). Decay of AOB and NOB was modeled according to Jubany (2007) :
where r Decay is the decay rate (g COD$L À1 $d À1 ), and b the decay
The gas exchange of CO 2 due to bubble aeration was included in the model as follows: Table 2 Stoichiometric matrix for bacterial growth and decay of AOB and NOB. The parameters are specified in 
where r CO2 is the rate of
Henry coefficient for CO 2 (1.2 mol(g)$mol(aq)
À1
, Stumm and Morgan 1996), CO 2,sat the saturation concentration of CO 2 in the water phase in relation to the gas concentration in the inlet air (mol$L
, Section S2, supplementary information), Q gas the controlled gas flow (L$d À1 ), V the liquid volume (L), and K L a CO2 the gas exchange coefficient for CO 2 (d À1 ). K L a CO2 was estimated from K L a O2 based on the penetration theory and the assumption that the diffusion coefficient for CO 2 is 20% smaller than that for O 2 (Section S2, supplementary information). The K L a O2 was estimated with experiments in deionized water with the same reactor configuration used for the batch experiments. NH 3 and HNO 2 volatilization were neglected, due to the low volatility and the low concentrations of both compounds.
The acid-base equilibria and complex formation reactions considered in the model are shown in Table 4 . Chemical equilibria were modeled with back-and forward reactions (Udert et al., 2003b) . As an example, equation (7) shows the rate expression of the NH 3 /NH þ 4 equilibrium:
where r NH3 and r NH4þ are the rate of NH 3 and NH
, respectively, and k eqNH3 the rate constant for equi-
. The value of all equilibrium rate constants was 10 6 d À1 and thereby much larger than any other kinetic constant in the model. The computer model was implemented in the simulation environment AQUASIM (Reichert, 1994) . For parameter estimation, we used the secant algorithm implemented in AQUASIM. K pH was the only fitted kinetic parameter. Furthermore, the initial AOB concentration (X AOB )wasfitted to the measured pH values and the initial NOB concentration (X NOB ) to the measured total nitrite concentrations for each experiment. The estimated parameters and the standard errors for K pH and the initial AOB concentrations are given in Table S4 of the supplementary information. The affinity and inhibition constants for NH 3 and HNO 2 were taken from Van Hulle et al. (2007) , because the biomass in our experiments was exposed to similar reactor conditions, and because it was close to the expected NH 3 affinity constant based on the analysis of the biomass (Section 4.3). All other growth parameters (Table 3 )w e r e taken from Jubany (2007) without further validating these values. Bethke (2002, 2007) proposed a rate law of the form:
Conceptual metabolic model
with r the net rate of the overall reaction (forward minus reverse rate), r þ the forward reaction rate, and F T the thermodynamic potential factor. Equation (8) is based on the concept that every chemical reaction can be written as a forward and reverse reaction, and that the equilibrium (r ¼ 0) is reached once the forward and reverse reaction rates are in balance. During the dissolution and precipitation of minerals, for instance, this equilibrium is reached when the reaction's ion activity product Q and the equilibrium constant K are equal. In the electron transfer chain of bacteria the overall reaction rate becomes zero, if the energy stored in the Table 4 Acid-base equilibria and complex formation included in the computer models. All values are given for 25 C and zero ionic strength.
Equation pK a
Acid-Base equilibria HCO proton motive force just equals the energy required for ATP or NADH production. F T depends on the thermodynamic drive G, which can be expressed as: Aerobic bacteria transfer electrons from a substrate to O 2 through the electron transfer chain, during which protons are exported from the cyto-to the periplasm. The translocated protons result in a transmembrane electrochemical gradient: the proton motive force. The energy from the re-entry of protons from the peri-to the cytoplasm, (mFDp) can then be used for the synthesis of ATP and NADH. If the energy from the re-entry of protons is far higher than the DG required for ATP or NADH synthesis then G is large and F T approaches 1. However, F T decreases to zero or to negative values as mFDp is equal or below the DG required for ATP or NADH synthesis.
Results
pH limit of nitrification
Simulations of pH for all experiments are shown in Fig. 1 . The pH value can be used directly to quantify the activity of AOB, because protons are released during ammonia oxidation. However, to be able to interpret the pH data quantitatively, the chemical speciation model must represent the effect of proton release on the pH value accurately. The chemical speciation model is discussed in Section 4.2.
Model 1 (Monod-type kinetics) is capable of representing pH values above pH 6, but the model completely fails to predict the course of the pH values below and the pH limit (Fig. 1, first row) . Whereas the decrease in pH stops in the experimental data, the modeled pH keeps decreasing. In the model, it is not possible to stop the pH decrease by increasing the decay rate. Based on the model, biomass decay increases the pH, because the base NH 3 is released (Table 2) . However the sharp bend in the pH curve close to the pH limit cannot be represented, even by adapting the decay coefficient (b AOB ). To fit the initial biomass concentrations only pH values between 7 and pH 5.8 for NH þ 4 (aee) and between 7 and 6 for NO À 2 (aee) were used for Model 1. Fitting the whole pH range did not improve the poor ability of this model to represent the pH limit.
The modeled decrease in pH in Model 2 (Monod-type kinetics and sigmoidal pH term) is overestimated in the beginning and then underestimated (Fig. 1, second row) . Between the pH values of 7 and 6, the course of pH can be fitted well, if no sigmoidal pH term is used (Model 1). In the latter case, the activity decrease is only due to NH 3 limitation at lower pH values. Including the sigmoidal pH term results in an overestimation of the pH effect. Model 2 also fails to predict a complete process stop. Fitting of the parameter pK in Model 2 (Table 3) does not improve the fit of the data.
Model 3 (Monod-type kinetics and exponential pH term) fits the data considerably better than Model 1 and 2 (Fig. 1, third row) . Except from NH þ 4 (a) and NH þ 4 (b) Model 3 is also well suited to model the pH limit. In contrary to Model 2, the pH term in Model 3 affects the rate of AOB only at pH values below pH 6. In fact, this pH term decreases the rate of AOB sharply to zero as the pH limit is approaching. At pH values above pH 6 Model 3 is similar to Model 1. A value of 2.3 was fitted for K pH in Model 3. The fitted initial biomass concentration for AOB were 0.09 ± 0.03 g COD$L À1 for
Model 3 (Table S4 , supplementary information), which is close to the AOB biomass concentration of 0.14 g COD$L À1 that can be calculated by assuming a biomass concentration of 1 g COD$L À1 , which was estimated for a similar reactor (Uhlmann, 2014) , and a relative AOB abundance of 14% (Section 4.3).
To model the pH limit of AOB in the experiments NO À 2 (aee), we introduced a linear relationship for pH min with the HNO 2 concentration (mol$L À1 ):
This relationship was introduced, because the HNO 2 concentrations and the pH limit showed a linear correlation (Fig. 2) . This correlation was reproducible: a similar correlation was observed in four experiments in real nitrified urine with different amounts of nitrite added, and five experiments in synthetic nitrified urine (Fig. 2, Table S3 supplementary information).
The model was set up as a suspended growth model, but was applied for a biofilm system. At high conversion rates, e.g. at the beginning of the experiment NH To prove that the model is not restricted to biofilm systems, we fitted experimental data from an experiment with suspended sludge with Model 3 with the same parameter set (except from the initial biomass concentration X AOB , Figure S5 , supplementary information). Also in this case Model 3 was suited to represent the measured data within the pH range of 7 to the pH limit. The experiment with suspended sludge was performed in a real nitrified urine solution, proofing that the model approach for AOB can be directly applied to real urine solutions.
The pH limit was also investigated at higher TIC concentrations. In two experiments with increased CO 2 in the aeration air the pH limit was at 5.36 (10% CO 2 ) and 5.37 (5% CO 2 ), which is only slightly lower than the pH limit observed at 5.46 in an experiment without CO 2 in the aeration (Table S3 , supplementary information). Assuming an equilibrium of CO 2 between water and air phase, the TIC concentration would correspond to 23 and 46 mg C$L À1 for the aeration with 5 and 10% CO 2 , respectively. This is far more than during the experiment with synthetic aeration without CO 2 , where TIC concentrations were far below the detection limit (4 mg C$L À1 ).
Due to the very different TIC concentrations at the pH limit, this parameter cannot explain the pH limit.
Chemical speciation model as basis for predicting pH
Titration experiments were performed to validate the chemical speciation model. A high reliability of the pH modeling was required, because pH was used to calculate the AOB activity in the batch experiments (Section 4.1). Fig. 3 shows the calculated and measured buffer intensity from a titration experiment with the synthetic urine solution NH þ 4 (a) (Table S1, supplementary information). The buffer intensity (b ¼ dC b /dpH, with C b the concentration of strong base in mol$L À1 ) describes the tendency of a solution at any point of the titration curve to change the pH upon addition of an acid or base (Stumm and Morgan, 1996) . Modeled and observed buffer intensities correspond well, if acid-base equilibria, ionic strength and complex formation reactions are taken into account ( Fig. 3 and Figure S1 to S3, supplementary information). An in-depth discussion of the model development is given in the supplementary information.
Besides dissolved compounds also biomass may act as a buffer (Batstone et al., 2012; Westergreen et al., 2012) . However, the overall effect of biomass was low, which resulted in very similar measured buffer intensities in experiments with and without biofilm carriers (Fig. 3) . To keep the complexity of the model low and to prevent the introduction of additional fitting parameters, we did not include biomass buffering into our model.
Characterization of the ammonium-oxidizing bacteria
According to the 16S rRNA gene-based amplicon pyrosequencing analysis conducted with the v1ev3 universal bacterial primers, the AOB populations present on the biomass carriers of the pilot scale reactor predominantly affiliated with the Nitrosomonas europaea/Nitrosococcus mobilis lineage. A relative abundance of 77% of the reads of the AOB guild affiliated with the Nitrosomonas eutropha strain C71 (GenBank acno. AAJE01000012) and strain C91 (GenBank acno. NC008344) as the closest cultured relatives with a sequence identity of 98%. AOB accounted for 14% of the overall bacterial community (corresponding to 3930 reads).
The high abundance of Nitrosomonas eutropha in urine is not surprising as Nitrosomonas eutropha are often selected in high salt and high ammonia environments. The affinity constant for ammonia ranges between 0.42 and 0.85 mg NH 3 -N$L À1 (Koops and Pommerening-R€ oser, 2001 ). The NH 3 affinity constant for NH 3 of 0.75 mg NH 3 -N$L À1 that was used in the model simulations lies within this range (Van Hulle et al., 2007, Table 3 ).
Discussion
Bioenergetic considerations
The activity of AOB ceases, when the proton motive force is too small for ATP or NADH production (Section 3.2). NADH is required for many essential reductive biosynthesis pathways e.g., the capture of CO 2 (Ferguson et al., 2007) , however, the production of NADH gets energetically more challenging at lower pH values (see below). The reduction of NAD þ is coupled to the oxidation of ubiquinol (UQH 2 ) to ubiquinone (UQ), which can be written as: Ferguson, 1997) . According to equation (12), the actual Gibbs free energy change DG depends on the concentration ratios of NAD þ / NADH and UQ/UQH 2 , respectively. Furthermore it depends on the intracellular pH, as protons are released to the cytoplasm during NADH production:
It was experimentally observed for Nitrosomonas europaea that the intracellular pH decreases with the extracellular pH (Kumar and Nicholas, 1983) . From the measured data in Kumar and Nicholas (1983) , we derived a linear correlation for pH in with pH out :
Hence, as pH in correlates with pH out , the DG for NADH production will be higher and therefore energetically less favorable at lower extracellular pH values.
Equations (13) and (14) can be substituted into equation (9) to calculate the thermodynamic potential factor (equation (15)). This new equation depends on constants as well as on pH out , which is similar to the pH term used in Model 3 (Presser et al., 1997) :
from equation (15) K pH and pH min can be estimated as:
and pH min ¼ 1 0:6 DG À mF$Dp ln 10
To estimate K pH , we assumed a stoichiometric coefficient c of 0.248, as 0.248 mol of e À are transferred from UQH 2 to NADH, when 1 mol of NH 3 is oxidized (Poughon et al., 2001) . From equation (16), aK pH of 2.4 can be estimated, which is almost identical to the fitted value of 2.3 in our experiments (Table 3) . To estimate pH min , a proton motive force of 150 mV was assumed. This value was measured with little deviation for Nitrosomonas europaea over a wide pH range (Kumar and Nicholas, 1983) . It was assumed that m corresponds to 4, as four protons re-enter the cytoplasm through the reversed complex I of the electron transfer chain in AOB, when 1 mol of NADH is produced (Poughon et al., 2001) , which agrees with the current evidence that the proton translocation stoichiometry for complex I is 4H þ /2e and Ferguson, 1997) . A pH min of 5.4 can be estimated from equation (17), by assuming that NAD þ /NADH ¼ 644 (Zhang et al., 2002) and UQ/UQH 2 ¼ 0.1. The chosen NAD þ /NADH ratio of 644 is at the upper range of the reported NAD þ /NADH ratios (Lin and Guarente, 2003) , whereas the estimated UQ/UQH 2 ratio of 0.1 is close to the reported minimal measured UQ/UQH 2 ratio of 0.25 in Escherichia coli (Bekker et al., 2007) . Even though the exact concentration ratios are not known, it is thermodynamically consistent that the NAD þ /NADH ratio approaches a minimal and the UQ/UQH 2 a maximal ratio in order to keep the NADH production feasible as long as possible.
We observed in our experiments that pH min increased with higher HNO 2 concentrations (Fig. 2) . HNO 2 , such as other small, uncharged molecules (e.g., lactic acid) penetrates the cell membrane, dissociates in the intracellular space and with that decreases the intracellular pH (Mortensen et al., 2008) . A faster decrease in the internal pH decreases the thermodynamic feasibility of the NADH production (equation (13)) and causes a faster depletion of energy. Vice versa, if AOB keep the internal pH at higher levels, the thermodynamic feasibility of the NADH production would be increased, allowing for lower pH min . It is known that acid-tolerant bacteria have mechanisms to keep their cell internal pH closer to neutrality than the external pH value (pH homeostasis) (Slonczewski et al., 2009) . pH homeostasis could therefore be an important feature of acid-tolerant AOB (Gieseke et al., 2006; Udert et al., 2005) growing at pH values below pH 5.4.
It is stunning how well the fitted pH term (equation (3)) can be derived from bioenergetics principles, the general knowledge on energy metabolism in Nitrosomonas europaea and reported literature values. This is a strong indication that the pH limit observed for Nitrosomonas eutropha, which closely relates to Nitrosomonas europaea, is due to energy limitations connected to the proton transfer. For a complete proof of this concept, future studies should focus on the actual measurement of the parameter values that were taken from literature (e.g., proton motive force, intracellular pH, the concentration ratios of NAD þ /NADH and UQ/UQH 2 ).
Energy limitation
In previous studies it has been hypothesized that the pH limit of AOB is due to protein unfolding (Wiesmann et al., 2006) , or membrane damage (Van Hulle et al., 2007) . Low pH values can indeed compromise membrane stability and a prolonged decrease in the intracellular pH can lead to acid induced protein unfolding as well as DNA damages (Lund et al., 2014; Slonczewski et al., 2009 ). However, to prevent the detrimental effects of low intracellular pH values, most of the bacteria maintain a certain degree of pH homeostasis even in pH ranges, which do not allow for growth (Slonczewski et al., 2009 ). The pH range in which bacteria can survive without growth is therefore usually larger than the pH range where they can actually grow (Lund et al., 2014) . Hence, it is unlikely that the pH limit of Nitrosomonas eutropha observed at a pH value close to 5.4 (Fig. 1) is due to membrane, protein or DNA damages. We also observed that that the nitrification rate recovered quickly as soon as the pH was increased (results not shown), which is in line with the theory that AOB are de-energized at the pH limit, but can be reactivated at higher pH values.
However, AOB were not reactivated if the pH increased only very slightly after reaching the pH limit (Fig. 1) . We assume that the slight pH increase in the experiments is due to biomass decay. The pH increase was stronger for the experiments NO À 2 (aee) than NH 4 þ (aee), which could be due to the increased HNO 2 concentrations: HNO 2 is known to increase the decay of activated sludge (Wang et al., 2013) . Model 3 cannot represent this pH increase, because the rate of ammonia oxidation increases with the pH increase and returns the pH immediately back to the pH limit. In reality, however, it seems that such a small pH increase is not sufficient to reactivate the cell.
Implications for nitrification models
Nitrification of low buffered wastewaters is a very dynamic process, because the growth rate of AOB depends strongly on pH, but the pH is likely to change due to the low buffer intensity in these wastewaters. In urine, already small pH changes can outcompete NOB, which ends in an irreversible process failure as shown for laboratory reactors (Udert and W€ achter, 2012) and pilot reactors (Etter et al., 2013) . Nitrification models to describe such dynamic nitrification systems need therefore to accurately represent (1) the pH itself (chemical speciation), and (2) the pH dependent growth rates.
Only a few studies set up nitrification models that include explicit pH calculations based on acid-base equilibria (e.g., Hellinga et al., 1999) . However, the results of the current study show that at least the effects of ionic strength must be included for a realistic pH calculation in urine ( Figure S1eS3, supplementary information) , as well as in digester supernatant due to the similar ionic strength (e.g., 0.16 mol$L
À1
, O'Neal and Boyer, 2013 compared to 0.1 mol$L À1 in the urine solutions of this study). In general, titration experiments are a powerful tool to investigate the accuracy and the degree of complexity that is required for the chemical speciation model.
To model the pH dependency of AOB different kinetic expressions have been developed. Hellinga et al. (1999) set up a model based on NH 3 limitation and HNO 2 inhibition only and calibrated this model for a pH range of 6.5e8.5. Our model simulations were in agreement with the model proposed by Hellinga et al. (1999) : between pH 6 and 7, this model was sufficient to describe the ammonia oxidation in urine (Fig. 1) . A direct pH term was only required at pH values below pH 6 in our simulations. This finding is in contrast with other studies for high strength nitrogen wastewaters, where sigmoidal or bell-shaped pH terms have been proposed (Antoniou et al., 1990; Claros et al., 2013; Jubany, 2007; Van Hulle et al., 2007) . The pH terms in the latter studies decrease the rate of ammonia oxidation strongly between pH 7 and 6.
To investigate the influence of pH within a range of 5 to 9 and 6 to 9 respectively, Van Hulle et al. (2007) and Claros et al. (2013) used solutions with total ammonia concentrations between 500 and 1100 mgN$L
. It was assumed that this was sufficient to prevent any limitation of NH 3 . However, considering an affinity constant of 0.75 mg N$L À1 (Van Hulle et al., 2007) , limitation of NH 3 causes a decrease in AOB activity from 88% at pH 7 to 42% at pH 6 (25 C, 1000 mg NH 4 -N$L À1 ), which is very close to the observed drop in activity in Van Hulle et al. (2007) and Claros et al. (2013) . Hence, limitation of NH 3 and not a pH inhibition can explain the observed activity drop.
After being able to model pH adequately and after successful implementation of the pH dependency of AOB in the urine nitrification model, future studies should focus on the calibration and validation of the further kinetic parameters used to model AOB and NOB growth in urine, e.g. the maximal growth rates (Table 3) .
Conclusions
Nitrosomonas eutropha, which are abundant in high strength nitrogen wastewaters show a pH limit close to 5.4. This limit and rates close to the limit cannot be explained or modeled with kinetics based on NH 3 and TIC limitation, or HNO 2 inhibition. Nitrification models based on Monod-type kinetics are therefore not suitable to understand and improve the process stability of nitrification reactors that are operated between pH 6 and the pH limit (e.g., nitrification reactors with urine). For reactors operated close to the pH limit, the reaction rate of AOB has to be extended by a direct pH term. The pH term decreases the rate of ammonia oxidation to zero as the pH drops below pH 6. The applied pH term bases on bioenergetic principles: as soon as the critical reaction in the electron transfer chain (NADH production) is thermodynamically not feasible, the growth rate becomes zero. This term might not only be suitable to model the low pH limit of Nitrosomonas eutropha, but for many other bacteria growing close to their thermodynamic pH limits. For nitrification reactors operated between pH 7 and 6 no additional pH term is required in the growth rate of AOB. The introduction of an additional pH term (e.g., as sigmoidal pH function) leads to an underestimation of the rate of ammonia oxidation, which is detrimental for the design of nitrification systems.
